Persistent organic pollutants (POPs) are toxic organic substances that are highly resistant to 37 environmental degradation, bio-accumulate and have long-range atmospheric transport potential 38 (UNEP 2001 importance of glucocorticoids for the regulation of physiological processes, the relationship between 62 environmental chemicals and potential disruption of the HPA axis has not been extensively studied 63 (Odermatt et al. 2006) . 64
Glucocorticoids are lipophilic and can cross the blood-brain barrier where they bind to 65 glucocorticoid receptors (GRs). In humans, the hippocampus and frontal lobes of the brain contain 66
GRs. These are parts of the brain that are involved in cognitive functions such as memory and 67 emotional maladjustments including impulsivity. Changes in the function of the HPA-axis may lead to 68 altered stress responses and changes in cognitive functions. Glucocorticoids are responsible for 69 maturation of tissues essential for neonatal survival (Langlois et al. 2002) , therefore disruption of 70 normal HPA axis activity may have widespread consequences. In humans, elevated cortisol and 71 aldosterone levels are associated with low birth weight (Martinez-Aguayo et al. 2011). Lanoix and 72 Plusquellec (2013) suggested that a disruption of the stress system could explain an association 73 between environmental contaminants and mental health, especially in children and elderly people. 74
In contrast to the human estrogen and androgen receptors that are mainly expressed in the 75 gonads, the human GR is expressed in every cell type (Akner et al. 1994) . GR disruption has the 76 potential to affect numerous processes. In stressful situations, when levels of glucocorticoids are high, 77
GR activation is necessary for the HPA feedback regulation (de Kloet et al. 1998 Furthermore, glucocorticoid-mediated feedback inhibition is impaired in people who suffer from 84 depression (Juruena et al. 2003) . Hyperactivation of the HPA axis has also been associated with 85 hyperthyroidism (Tsigos and Chrousos 2002) . Patients with excessive levels of corticosteroids are at a 86 higher risk of developing cardiovascular disease (Pimenta et al. 2012 ). Disruption of glucocorticoid 87 signalling could also have implications for obesity, as this system is central to adipocyte differentiation. 88
EDCs have been found to promote adipogenesis in the 3T3-L1 cell line through the activation of the 89 GR, thus leading to obesity (Sargis et al. 2009 (Mayne et al. 2004 ) and this has been associated with exposure to POPs. 105
This study aimed to assess the interaction of individual POPs and their mixtures at the GR level 106 and to see if they disrupted this nuclear receptor's transcriptional activity. Two in vitro bioassays were 107 used; a high content GR redistribution assay (RA) and a GR reporter gene assay (RGA). The GR RA was 108 used as a screening method for the POP mixtures as it measures GR translocation and would therefore 109 presumably detect any GR activity, agonism or antagonism. The GR RGA uses a human mammary gland 110 cell line, with natural steroid hormone receptors for glucocorticoids and progestogens, which has been 111 were prepared from the working stocks (1/2, 1/10 and 1/20 dilutions). The final concentrations that 150 the cells were exposed to (0.2% DMSO in media) was 1/1000, 1/2000, 1/10000 and 1/20000 of the 151 original working stocks. For the individual compounds the cells were exposed to 500, 1000, 5000 and 152 10000 times serum level Recombinant U2OS cells stably expressing the human GR (U2OS-GR) were routinely cultured in a 157 humidified atmosphere of 5% CO2 at 37 °C. Cells were grown in 75 cm 2 flasks in Dulbecco's modified 158 eagle medium (DMEM) media supplemented with 10% foetal bovine serum (FBS), 2mM L-Glutamine, 159 1% penicillin-streptomycin and 0.5 mg/ml G418. TrypLE TM Express trypsin was used to disperse the 160 cells from the flasks, while cell counting and viability checks prior to seeding plates were achieved by 161 trypan blue staining and using a Countess® automated cell counter. 162
Cells were seeded (using DMEM supplemented with 2mM L-Glutamine, 1% Penicillin-163 Streptomycin, 0.5 mg/ml G418 and 10% hormone depleted FBS) at a concentration of 6 x 10 4 cells per 164 well in 100 µl of media into black walled 96 well plates with clear flat bottoms (Grenier, Germany). 165
The cells were incubated for 1 h at room temperature (RT) (20-25°C) to ensure that they attached 166 evenly within each well. The cells were then incubated for 24 h at 37 °C, and subsequently exposed in The cells were exposed exactly as for the GR RGA (section 2.5) after which the percentage of 221 viable cells was determined using the MTT assay. The cells were washed once with PBS before MTT 222 solution (50 µl of 2 mg/ml stock in PBS diluted 1:2.5 in assay media) was added to each well and the 223 cells incubated for 3 h. Viable cells convert the soluble yellow MTT to insoluble purple formazan by 224 the action of mitochondrial succinate dehydrogenase. The supernatant was removed and 200 µl of 225 DMSO was added to dissolve the formazan crystals. The plate was incubated at 37 °C with agitation 226 for 10 min before absorbance was measured at 570 nm with a reference filter at 630 nm using a 227 microtitre plate reader (TECAN, Switzerland). Viability was calculated as the percentage absorbance 228 of the sample when compared with the absorbance of the solvent control. These studies support the finding that PFOS in the present study (at the two highest concentrations; 250 0.147 mg/ml and 0.294 mg/ml corresponding to 5000 and 10000 times serum level respectively) 251 significantly decreased TGRM-Luc cell viability to 42.8% and 3.8% (p ≤ 0.001) ( Figure 1A ). Conversely, 252 other studies have found that PFOS has no effect on cell viability in MCF-7 (Maras et al. 2006 show that PFOS is more cytotoxic to particular cell lines. 256
Perfluorooctanoic acid (PFOA) and PFOS use has been regulated worldwide. 257
Perfluoroundecanoic acid (PFUnDA), a PFOA homologue, is sometimes used as an alternative to PFOA 258 (EPA 2013). PFUnDA has been less extensively studied than PFOS or PFOA, however as PFCs with 259 longer carbon chains tend to be more persistent (Hirata-Koizumi et al. 2012) the toxicological potential 260 of PFUnDA could be of concern. In the current study, viability of TGRM-Luc cells significantly increased 261 after exposure to the highest concentration (0.0056mg/ml; 10000 times serum level) of PFUnDA to 262 117.9% (p ≤ 0.01) ( Figure 1B) . The MTT assay relies on mitochondrial dehydrogenases of living cells to 263 cause a conversion of the coloured formazan salt (Slater et al. 1963) . Actively proliferating cells 264 increase their metabolic activity while cells exposed to toxins may have decreased activity. 265
Alternatively, the apparent stimulatory effect seen in the MTT assay for some of the POPs, could be 266 as a consequence of cell protection or adaptive response to toxin exposure (Ruiz et al. 2006 ) 267
From the PCB group, no significant effects on cell viability were evident apart from PCB 153 268 (at the highest concentration; 0.0036 mg/ml), which significantly increased TGRM-Luc cell viability to 269 123.1% (p ≤ 0.05) ( Figure 1C Figure 1D ). Importantly, 286 these studies tested the PBDEs at much higher concentrations than the TGRM-Luc cell line was 287 shown are equivalent to 500, 1000, 5000 and 10000 times serum level). 306 307
Cell viability of TGRM-Luc and U2OS-GR cell lines after exposure to POP mixtures 308 309
The MTT assay was also used to determine the viability of TGRM-Luc cells (used in the RGA) and the 310 U2OS-GR cells (used in the HCA assay) following exposure to different concentrations of test mixtures 311 ( Figure 2) . 312
The PFC mixture (at 5000 and 10000 times serum levels) decreased cell viability to 19.5% and 313 12.4% respectively (U2OS-GR cell line) and 14.6% and 4.3% respectively (TGRM-Luc cell line) ( Figure  314 2B); implying that this mixture is more toxic to the TGRM-Luc cells. The toxicity in the PFC mixture is 315 likely to be from PFOS as none of the other compounds in the PFC mixture were cytotoxic to the TGRM-316
Luc cell line (section 3.1). The PFC + Br mixture (at 5000 and 10000 times serum levels) also decreased 317 cell viability to 11.2% and 9.4% respectively (U2OS-GR) and 28.4% and 6.7% respectively (TGRM-Luc) 318 ( Figure 2E ). In the PFC + Br mixture the toxicity to the TGRM-Luc cell line is again likely to be from PFOS 319 (section 3.1). No significant cytotoxicity was evident for the total, Br, Cl, PFC + Cl or Br + Cl mixtures at 320 any concentration in either cell line (Figure 2A , C, D, F and G). However, exposure to the Cl mixture 321 produced small, but statistically significant increases in cell viability of 109.4% and 108.0%, at 100 and 322 500 times serum level respectively, in the U2OS-GR cell line (p ≤ 0.05 for both) ( Figure 2D ). 323 The HCA GR RA allows CN, NA and NI to be measured and these can be used as indicators of 328 cytotoxicity. Significant effects were evident for CN, NA and NI which indicated cytotoxicity (Figure 3) . 329 CN for the second highest concentration (5000 times serum level) of the PFC mixture was significantly 330 decreased to 16.7% (p ≤ 0.01) For the highest concentration of PFC mixture (10000 times serum level), 331 cell viability decreased to 61.9% however it was not deemed statistically significant (p ≥ 0.05). The two 332 highest concentrations of the PFC + Br mixture (5000 and 10000 times serum level) decreased CN to 333 37.0% and 18.4% respectively (p ≤ 0.001) ( Figure 3A) . NA was significantly decreased in U2OS-GR cells 334 after exposure to the highest concentration of the Cl mixture (92.0%, p ≤ 0.01; Figure 3B ). Similarly, 335
NA was decreased after exposure to the Br + Cl mixture at 100 and 500 times serum level (93.4% and 336 91.7% respectively, p ≤ 0.05; Figure 3B ). Nuclear shrinkage is a hallmark of apoptosis. However as 337 there were no significant decreases in CN for either the Cl or Br + Cl mixtures the decrease in NA did 338 not result in significant cell death. NI was decreased after exposure to the highest concentrations 339 (5000 and 10000 times serum level) of the PFC mixture (66.4% and 17.5% respectively p ≤ 0.01 for 340 both) and the PFC + Br mixture (10000 times serum level), 28.3% (p ≤ 0.001) ( Figure 3C ). The swelling 341 of nuclei is linked to compound induced necrosis and NI correlates to nuclear size with large nuclei 342
showing lower intensities (Mirochnitchenko et al. 1999) ; as NI and CN were significantly decreased for 343 both the PFC and PFC + Br mixtures it is likely that these mixtures caused the U2OS-GR cells to undergo 344 necrosis. Additionally, NI was also decreased for all concentrations of the Br + Cl mixture (apart from 345 the most concentrated), 92.0%, 91.3% and 89.5% (p ≤ 0.05, 0.05, 0.01 respectively; Figure 3D ). The Br 346 + Cl mixture may be causing the U2OS-GR cells to start to undergo necrosis however there was no 347 significant change in CN. 348 In summary, there was reasonable agreement between the MTT assay results and the CN HCA 349 parameter (Table 2) in the cytoplasm in complex with heat shock proteins. Upon ligand binding, the GR translocates to the 393 nucleus, dimerizes, and acts as a transcription factor to regulate the expression of its target genes. 394 (Blue stain is Hoechst nuclear stain). 395 396
GR reporter gene assay 397 398
RGAs utilise the ability of steroid hormones to bind their specific receptor and to induce (or, for 399 antagonists, repress) a bioluminescent cellular signal; in this assay the cell line has been transformed 400 with the luciferase gene. The GR RGA is described in detail in Willemsen et al. (2004) . Briefly the 401 glucocorticoid responsive TGRM-Luc cell line contains the MMTV-Luc luciferase reporter plasmid and 402 the RS-hGRα expression vector which codes for the human GR. The luciferase acts as a signalling 403 protein which is under the control of a highly regulated glucocorticoid inducible promoter resulting in 404 transcriptional activation. Therefore the RGA is useful as a measurement of transcriptional activation 405 due to the binding of a steroid hormone to its relevant receptor. 406
The mixtures and individual POPs tested in this study did not exhibit an agonistic response in 407 the TGRM-Luc cell line; the agonist activity for all compounds was below 0.13% (relative to a cortisol 408 positive control). Results from the antagonistic test appeared to indicate adverse effects on the TGRM-409
Luc nuclear receptor transcriptional activity for the two highest concentrations of PFC and PFC + Br 410 mixtures (p ≤ 0.001; Figure 5A and B). However, it is reasonable to suggest that the reduction in the 411 TGRM-Luc nuclear receptor transcriptional activity observed is solely as a result of the significant 412 cytotoxic effects of both mixtures on this cell line ( Figure 2B and E) . The same explanation could be 413 suggested for the antagonistic effects of PFOS ( Figure 5C ) observed at the two highest concentrations 414 as they were also cytotoxic. However for the two lowest concentrations of PFOS (0.0147 and 0.0294 415 mg/ml; 500 and 1000 times serum level), significant effects on the TGRM-Luc nuclear receptor 416 transcriptional activity were found with no significant cytotoxicity. For these concentrations, 417 transcriptional activity in the presence of cortisol increased to 114.4% and 120.7% (p ≤ 0.05 and ≤ 418 0.01) respectively. A similar effect was observed after incubation with the two highest concentrations 419 of PFDA (0.0025 and 0.005 mg/ml; 5000 and 10000 times serum level), producing a response of 420 119.6% and 121.6% (p ≤ 0.05 both; Figure 5D ) in comparison the positive control. In the PBDE group, 421 BDE 47 at the highest concentration of 0.000086 mg/ml (10000 times serum level) also produced an 422 increased response, 130.8% (p ≤ 0.05; Figure 5E ). Although not elucidated in this study upregulation 423 of the GR expression by PFOS, PFDA and BDE-47 is a possibility for the observed result, where the 424 increased levels of the receptor would provide cortisol with more of its relevant receptor target 425 resulting in the increased response seen in the RGA. High PFOS levels have been associated with higher 426 gene expression of the estrogen receptors α and β (ER α/β), the androgen receptor (AR) and the 427 pregnane X receptor (PXR) (La Rocca et al. 2012) . 428
The primary metabolite of dichlorodiphenyltrichloroethane (DDT), p,p'-DDE exhibited an 429 antagonistic effect on the TGRM-Luc nuclear receptor transcriptional activity ( Figure 5F ). When cells 430 were exposed to the highest concentration of p,p'-DDE (0.005 mg/ml), transcriptional activity was 431 reduced to 72.5% compared to the positive control. This finding is supported by Zhao et al. (2004) who 432 found that DDE significantly depressed GR-transactivation to 60% at a concentration of 0.0032 mg/ml, 433 which is similar to the concentration where significant GR antagonism was found in the present study 434 (0.005 mg/ml). DDE is also known to be a potent AR antagonist (Kelce et al. 1995 ). In the present study, 
